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Abstract
Supercritical helium cold circulators operating at unprecedented high mass flow rates are required to maintain the ITER magnet 
and cryopump system at operating conditions. The qualification test plan has been developed for the two cold circulators installed
in the Test Auxiliary Cold Box in compliance with the Japan Atomic Energy Agency cryogenic test facility consisting of a 
cryoplant of ~ 5 kW at 4.5 K. The process modelling for test modes such as cool-down/warm-up, nominal and 10% higher speed 
operation, including test approach, assumptions made, and expected results using the control strategies to be implemented during 
the test are described.
© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the organizing committee of ICEC 25-ICMC 2014.
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1. Introduction
The Auxiliary Cold Boxes (ACBs) of the ITER cryo-distribution (CD) system are equipped with supercritical 
helium (SHe) cold circulators which are classified as one of the most critical components of the cryogenic system. 
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ITER CD system with the cold circulators is functionally responsible for the control and distribution of the cryogenic 
power to the ITER superconducting magnets and cryopumps (CP) applications. The requirements, see Chang et al. 
(2012), for the cold circulators are unique in terms of the unprecedented high SHe mass flow rate and dynamic 
operating condition mainly in superconducting magnets of Central Solenoid (CS), Toroidal Field (TF), Poloidal 
Field & Correction Coil (PF&CC) and magnet support structure (ST) compared to the presently existing and 
commercially available ones used at 4 K temperature levels. Two 1:1 scale ‘pre-series’ cold circulators are in the 
design stage by IHI Corporation, Japan and Barber Nichols Inc., USA to mitigate the technical and schedule risks of 
the ITER project. Both cold circulators will be integrated into the Test Auxiliary Cold Box (TACB) as per the 
conceptualized test proposal. The qualification test will be performed by integrating the TACB with cryogenic test 
facility at Japan Atomic Energy Agency (JAEA).
2. Objectives and approach for qualification test
The ITER CD system consists of five separate ACBs, each housing its own cold circulator dedicated to one 
individual system (CS, TF, ST, PF&CC, CP) for maximum flexibility and enhanced controllability. Qualification 
test, see Vaghela et al. (2014), of two cold circulators will be performed by installing them in TACB at the test 
facility. The cold circulator, which will be employed for the ITER TF superconducting magnet application, has been 
chosen for the qualification test. Even though the operating conditions for all the cold circulators are different, one 
cold circulator with different rotational speeds could meet the process requirements of TF, CS, PF&CC and CP. 
Thus, TF cold circulator, being the largest, is the representative cold circulator for the CS, PF&CC and CP in term 
of design. 
The major qualification test objectives are to operate the cold circulator at the design condition and to obtain the 
actual performance, which include flow rates, pressure head, isentropic efficiency and power. The objectives also 
includes the verification of (i) mass flow variation and its rate of change, (ii) pressure head variation (iii) high inlet 
pressure (iv) high inlet temperature conditions during the plasma pulses (Off-normal condition). Operation and 
control methodology to achieve the objectives have been developed and implemented using process simulation. The
operability of cold circulator has been analyzed using process simulation; see Bhattacharya et al. (2014) and Sarkar 
et al. (2012), to obtain overall system stability.
3. System description and test modes
3.1. Cryogenic test facility at JAEA
The cryogenic test facility for the qualification test consists of a cryoplant with a capacity of ~ 5 kW@4.5 K or 
800 l/h, see Hamada et al. (1994). A maximum mass flow rate of ~0.75 kg/s from the two stage warm helium 
compressor with a pressure ratio of ~18 is available for the cooling operation. The cryoplant interfaces at its cold 
end with the TACB at (i) high pressure cold helium supply, (ii) medium pressure cold helium supply and (iii) cold 
helium return as shown in Fig. 1. The cryoplant is equipped with two stage Joule-Thomson (J-T) operation at the 
cold end. First stage J-T expansion occurs at the cryoplant cold end, whereas second stage J-T expansion is at the 
TACB. A liquid helium (LHe) storage tank with a capacity of 20 m3 is interfacing with the TACB LHe bath in order 
to enhance the overall cooling capacity for a short period of time during the maximum demand. To recover the 
excess evaporated helium of such high demand instances, the helium gas recovery system consisting of gas bags, 
recovery compressor, recovery tank, atmospheric heater and purifier system is connected to the TACB LHe bath. 
The control system of the test facility will be interfaced with TACB control system with the master-slave topology.
3.2. Test of the auxiliary cold box
The process scheme of the TACB has been described in Fig. 1. In order to mimic the ITER operating scenarios to 
the extent possible, TACB has been designed with process functionalities similar to that of the ACBs, especially 
containing a LHe bath with submerged heat exchangers. Two cold circulators will be installed in parallel to each 
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Fig. 1. TACB process scheme.
other ‘but always one cold circulator operating at a time’ to qualify the performance and operability during the 
following test modes of operation:
x Simultaneous cool down/warm-up of TACB along with the cryoplant;
x Nominal operation of cold circulator at 100 % rotational speed;
x Ramp-up/ramp down of cold circulator to validate the required mass flow variation during heat load mitigation;
x Maximum mass flow rate operation of cold circulator at 110 % speed;
x Maximum pressure head operation of cold circulator at 110 % speed;
x 1.0 MPa (supply from cryoplant high pressure cold end) inlet pressure operation of cold circulator to validate the 
operation of the CS circulator;
x 6 K inlet temperature of cold circulator to validate the heat exchanger by-pass heat load mitigation strategy, see 
Chang et al. (2012).
3.3. ITER cold circulator
The major design parameter of ITER cold circulators are summarized in Table 1, with the requirement of 
isentropic efficiency of at least 70% or more.
Table 1. ITER Cold circulators requirements.
Operating Condition
Parameter CS-cold circulator
TF-cold 
circulator
ST-cold 
circulator
PF&CC-
cold 
circulator
CP-cold 
circulator
Common inlet conditions in 
nominal, maximum flow and 
maximum head operations
Pin (MPa) 0.51 0.46 0.56 0.51 0.34
Tin (K) 4.3 4.3 4.3 4.3 4.3
Nominal operation Mass flow (kg/s) 2.07 2.21 2.62 1.93 1.36
ǻ3 (MPa) 0.1 0.15 0.05 0.1 0.07
Maximum flow rate operation ǻ3 (MPa) 0.1 0.15 0.05 0.1 0.07
Maximum pressure head operation Mass flow (kg/s) 2.07 2.21 2.62 1.93 1.36
JT
Hx-1 Hx-2
V2
V1
V3
CC2CC1
HE
LHe 
Bath
Cryoplant Cold End
EX7
EX8
HP LP
Liquid Helium 
Tank
Helium Gas 
Recovery System
TACBTest Facility
Test Facility
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3.4. Process simulation approach 
The process modelling approach, see Bhattacharya et al. (2011), has been establish in commensurate with the 
control methodology including test facility and TACB control systems. The process flow diagram of the TACB has 
been developed with necessary instrumentation and controls based on the overall requirements to meet the test 
objectives and to respect the constraints from the test facility. The TACB piping details has been obtained from the 
mechanical design and considered as the input for the process simulation. Thermal designs of heat exchangers along 
with characterizations, which are submerged into the TACB LHe bath, have been performed using the Aspen Plate-
fin exchanger see Aspen Technology (2011). Preliminary characterizations of cold circulators from the 
manufacturers have been considered for the study. Overall system modelling and steady state analysis have been 
performed followed by the process modelling of active controls by Aspen HYSYS and Aspen HYSYS Dynamics 
see Aspen Technology (2011). Several iterations have been made to fine tune the process operation with the help of 
dynamic process analysis.
4. Results and discussion
4.1. TACB cool down analysis
Cool down analysis of the TACB has been performed considering simultaneous cool down of the cryoplant and 
TACB system with the designed TACB cold mass as 2290 kg. Maximum cool down mass flow as 0.2 kg/s has been 
considered. Fig. 2 shows the TACB average temperature and gaseous helium inlet temperature with cool down time 
as an outcome. The mass flow rate of gaseous helium has been gradually reduced to suit the controlled cool down 
maintaining the maximum temperature difference below 40 K.
4.2. Cold circulator responses in closed loop
One of the two cold circulators’ operations has been simulated in the closed loop defined as CC1/CC2 – Hx2 –
HE – V1 – Hx1 as shown in Fig. 1. Addition and removal of helium inventory from the closed loop have been 
managed by control valves V2 and V3 respectively as per Fig. 1. Cold circulator start-up is possible for the three 
possible conditions as (i) case 1: Average closed loop pressure of 0.13 MPa, (ii) case 2: Average closed loop 
pressure of 0.46 MPa and (iii) case 3: Average closed loop pressure of 0.51 MPa. Fig. 3(a) shows the closed loop 
inventory management inside TACB with the operating region indicated. Case 1 and case 2 require precise addition 
of helium inventory during the speed ramp-up of the cold circulator. As inventory addition is not necessary for 
case 3, it has been adopted for the cold circulator start-up followed by speed ramp up to the nominal operation. 
During the process of speed ramp-up, further inventory addition/removal has been avoided in order to stabilize the 
process with simplified operation.
Fig. 2. Cool down analysis of TACB.
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Fig. 3. (a) Cold circulator closed loop inventory with pressure at 4.6 K temperature; (b) Cold circulator startup characteristic comparison with 
TACB components as piping and control valve (V1).
Fig. 3(b) shows the cold circulator start-up characteristic of pressure head rise with the mass flow, which is 
higher than the pressure drop-mass flow characteristic of TACB closed loop piping with heat exchangers and heater 
(except for the valve V1). The difference between cold circulator characteristic and TACB characteristic (except 
V1) increases as mass flow increases, as the TACB is not coupled with actual load or application.  Thus, the opening 
of control valve V1 has been regulated to generate suitable hydraulic impedance in order to achieve the smooth start 
up to the 100 % rotational speed of the cold circulator.
Fig. 4 shows the stepwise rotational speed ramp-up condition in order to achieve the nominal operating condition 
as given in Table 1. During the ramp-up process, characteristic of cold circulator as per Fig. 3(b) has been respected 
to obtain a stable start-up. Once, the nominal operating condition is achieved, the rotational speed of cold circulator 
has been increased up to 110% following the characteristic of cold circulator in a controlled manner. At 110% of 
rotational speed, mass flow through the cold circulator has been increased up to 3.0 kg/s by regulating valve V1 with 
the constant rotation speed. This constant speed operation, in turn, has reduced the pressure head of the cold 
circulator up to the nominal value of 155 kPa to achieve the ‘maximum mass flow operation’ as per Table 1. 
‘Maximum pressure head operation’ has been achieved by reducing the mass flow up to 2.21 kg/s in step by 
adjusting the valve V1 while keeping the rotational speed constant at 110%. Stable operation of cold circulator has 
been observed during the entire period of operation. Maximum power of cold circulator has been noted as 4.97 kW 
with 110% rotational speed operation. 
During 1.0 MPa inlet pressure condition, control valve V2 has been regulated to pressurize the cold circulator 
closed loop using a direct SHe stream form cryoplant. Depressurization has been performed using control valve V3.
Fig. 4. Cold circulator operation during rotational speed ramp-up, nominal operation, maximum mass flow operation and maximum pressure head 
operation.
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Fig. 5. Verification of the 1.0 MPa inlet condition and the 6.0 K inlet condition of the cold circulator.
The inlet temperature of the cold circulator of 6.0 K has been achieved in steps by periodically by-passing the 
heat exchangers Hx-1 and Hx-2. During the 6.0 K inlet condition, temporal fluctuations have been noted due to the 
variation in inlet pressure. Fig. 5 shows the stable operation of cold circulator at 100% rotational speed during the 
1.0 MPa inlet condition and 6.0 K inlet condition simultaneously.
5. Conclusion
Process design and simulation of qualification test modes along with of the test facility interface condition have 
been performed. Simulation with controls in terms of mass flow and pressure head regulations along with control 
valves regulations have been implemented to obtain the stable operation during the dynamic operating condition in 
each mode. The efficiency of the cold circulator will be measured in each of the modes during the qualification test. 
The work successfully demonstrates the stable operation of cold circulator along with the TACB by analysis during 
the simulated test modes.
Disclaimer 
The views and opinions expressed herein do not necessarily reflect those of the ITER Organization.
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